The complex formation between cobalt(II) and chloride and bromide ions in molten calcium nitrate tetrahydrate at different temperatures has been studied by a spectrophotometric technique. Addition of halide ions to cobalt(II) nitrate solution in calcium nitrate tetrahydrate caused a pronounced shift of the absorption maximum toward lower energies and a large increase of absorption intensity, indicating a change from octahedral to a tetrahedral co-ordination. The change of co-ordination depends on temperature and halide concentration. Stability constants for the [Co(NO 3 
Introduction
The formation of stepwise complexes of cobalt(II) ions with halide ligands in various aqueous and nonaqueous solvents has long been known. The coordination number of cobalt(II) and the structure of its complexes often depend on the ligand used [1] . The wellknown octahedral -tetrahedral equilibria in aqueous solutions is best illustrated by addition of concentrated hydrochloric acid to aqueous cobalt(II) salt, when the pale red octahedral [Co(H 2 O) 6 ] 2+ is changing to intense blue tetrahedral [CoCl 4 ] 2− [2] . Similar changes in co-ordination occur when chloride or bromide is added to cobalt(II) solution in nitrate melts. Tananaev and Dzhurinskii [3, 4] ascribed the changes in cobalt(II) absorption spectra in lithium nitratepotassium nitrate eutectics to successive cobalt(II) halide complex formation and to the change in Co(II) co-ordination from octahedral in pure nitrate to tetrahedral in halide containing melts. Later, on the basis of X-ray diffraction measurements [5] , the spectrum of Co(II) in pure nitrate melts was attributed to dodecahedral [Co(NO 3 ) 4 ] 2− species [6] . Analogous spectral changes were observed upon addition of chloride into cobalt(II) solution in molten ammonium nitrate [7] . Hemmingsson and Holmberg [8] 2− j (0 < j < 4) and the corresponding resolved species spectra in molten eutectic (K, Li)NO 3 . However, they could not judge where the change from dodecahedral to tetrahedral co-ordination occurred. The stepwise formation of cobalt(II) chloride complexes in molten acetamide has been studied by Savovic et al. [9] . Stability constants for [CoCl j ] 2− j ( j = 1 -4) are reported. The increase of chloride concentration changed the co-ordination geometry from octahedral through severely distorted octahedral to tetrahedral. The cobalt(II) halide complex formation equilibria in hydrous salt melts xNH 4 NO 3 · yCa(NO 3 ) 2 · zH 2 O were studied by Kerridge et al. [10] . They have found that addition of chloride or bromide changed the cobalt(II) co-ordination by both nitrate and water from nearoctahedral to a tetrahedral (or severely distorted octahedral) symmetry with between two or three halide ligands.
The absorption spectra of cobalt(II) chloride were also investigated in molten mixtures of acetamidecalcium nitrate tetrahydrate [11] . A large increase of the molar absorption coefficient with increasing chloride concentration and with temperature in melts containing a large excess of chloride over cobalt(II) was observed.
The present study was undertaken in order to get more detailed insight into the changes of cobalt(II) coordination in calcium nitrate tetrahydrate melt, occurring with temperature and halide concentration. We have also aimed at a determination of the complex formation constants and the corresponding resolved species spectra. The solvent calcium nitrate tetrahydrate was chosen because, due to its high latent heat storage capacity and to the reversible optical properties of the dissolved cobalt halide complex compounds with temperatue, it has been considered as suitable material for simultaneous control of temperature and insolation in solar heated agricultural greenhauses [12] . Moreover, complex formation constants for cobalt(II) chloride complexes obtained in an our previos work [13] will be recalculated with new experimental data.
Experimental
All chemicals were reagent grade and used as received. The water content of the solvent calcium nitrate tetrahydrate (Merck) was determined gravimetrically, by slow dehydration up to 220 • C, or volumetrically, by analysis of the calcium, employing standard EDTA titration. The water content was then adjusted to the stoichometric value by drying at 120 • C or by addition of distilled water. The cobalt(II) content of cobalt nitrate hexahydrate (Merck) was checked by EDTA titration. The composition of CaCl 2 · 6H 2 O (Kemika, Zagreb) and CaBr 2 · xH 2 O (Merck) was determined by analysis for chloride and bromide, respectively, by titration with standard AgNO 3 solution. Stock solutions of cobalt(II) nitrate, calcium chloride and calcium bromide in calcium nitrate tetrahydrate were prepared. The water content of each solution was adjusted to the constant mole ratio of n(H 2 O)/n(Ca 2+ ) = 4. Appropriate quantities of stock solutions were added into premelted calcium nitrate tetrahydrate to obtain solutions of desired cobalt(II) and halide concentration.
The solutions were prepared on the molality scale by weighing the appropriate amounts of substances, but the concentrations were converted to molarities (mol dm −3 ), so that molar absorption coefficients could be calculated. The density of the melt required for conversion of molality units into molarities was determined picnometrically at different temperatures and different calcium halide concentration, the variation of density with the cobalt(II) concentration being negligible. The dependence of the melt density on the calcium halide T )m for bromide solutions,
where T is the absolute temperature and m is the mo-
Procedure
Absorption spectra were recorded on a Hewlett Packard 8452 A Diode Array spectrophotometer with a thermostated cell compartment, connected to a Vectra 386s/25 computer. The temperature was kept constant to ±0.5 • C. Rectangular quartz or glass spectrophotometric cells of 10-mm path length with Teflon stoppers were used. The reference cell was filled with calcium nitrate tetrahydrate containing an appropriate concentration of calcium halide. Spectra were recorded in the wavelength range between 400 and 800 nm. The baseline was checked immediately before the spectra were recorded.
Results and Discussion

The Absorption Spectra
This paper reports results derived from spectra of 25 chloride and 36 bromide solutions at different temperatures. As our experimental data are too extensive to be tabulated in this paper, only reduced sets of nine Table 1 . Table 1 .
spectra for the chloride system and nine spectra for the bromide system with different halide concentrations covering the whole concentration range are presented here as examples. The composition of the solutions corresponding to the spectra presented here are given in Table 1 . The complete experimental results can be obtained upon request from the authors. The spectra of cobalt(II) nitrate solution in pure calcium nitrate tetrahydrate of Fig. 1 show an absorption maximum at 512 nm, very close to 510 nm, ascribed to hexa-co-ordinated cobalt(II) aqua-complexes in aqueous solutions [2] and at a somewhat shorter wavelength than in aqueous ammonium nitrate -calcium nitrate melts (525 nm) [10] . In Fig. 1 the overall molar absorption coefficient ε, defined as
where A is the absorbance, l the light pathway and c M the total metal ion concentartion; is plotted against the wawelength. The position of the maximum and the value of the overall molar absorption coefficient (ε max = 7.7 dm 3 mol −1 cm −1 at 70 • C) indicate octahedral co-ordination of cobalt as suggested earlier [2, 10, 11, 14, 15] . The overall molar absorption coefficient increases with temperature as expected for octahedral co-ordination. Addition of chloride or bromide caused a pronounced shift of the absorption maximum toward lower energies and a large increase of absorption intensity. Chloride containing melts, Fig. 2 , show three maxima, at 623, 660 and 690 nm. The position of this multiple absorption band is the same as that for [CoCl 4 ] 2− in 12 mol dm −3 aqueous HCl solution, in dimethylformamide [16] and in aqueous ammonium nitrate -calcium nitrate melt [10] . The position of the maxima and the size of the overall molar absorption coefficient indicate tetrahedral co-ordination of cobalt(II), although it could also be attributed to severely distorted octahedral species [9, 17] . The "tetrahedral" maximum is at a slightly shorther wavelength than in pure chloride melts [17] , but at the same position as in eutectic melt of LiNO 3 -KNO 3 [3, 8] . This indicates some coordination by nitrate ions.
Bromide containing melts show four maxima, at 640, 665, 695 and 725 nm, Fig. 3 , in good agreement with the cobalt(II) bromide spectra in aqueous ammonium nitrate -calcium nitrate [10] and LiNO 3 -KNO 3 [3, 4] melts. The maximum at 725 nm agrees well with 720 nm for tetrahedral cobalt(II) bromide in pure bromide melt [18] , indicating, again, tetrahedral co-ordination.
An increase in temperature also caused an increase in the overall molar absorption coefficient, both for chloride and bromide containing melts (Figs. 4 and 5) . The increasing intensity in the multiple absorption maxima, referred as "tetrahedral", is opposite to the normally expected behaviour of tetrahedral species. Moreover, cobalt(II) chloride spectra in pure CaCl 2 · 6H 2 O, in which the tetrahedral [CoCl 4 ] 2− is the predominant species, showed only a small increase in the absorption coefficient, Figure 6 . Therefore the cause of the increasing absorption intensity in Ca(NO 3 ) 2 · 4H 2 O may either be due to the presence of lower octahedral or severely distorted octahedral mixed complexes with halide and nitrate ions, or to higher stability of the tetrahedral ones and mixed at higher temperature [10] .
Stability Constants of the Complexes
The complex formation equilibrium in a mixed ligand system
can be characterized by a set of stability constants,
On the basis of the cobalt(II) co-ordination by halide ions in other solvents, we assumed that the complexes were mononuclear in cobalt(II), and that the maximum ligand co-ordination for cobalt(II) was 4. For the computation of the stability constants β pq and species spectra ε pq (λ ) the non-linear regression program STAR [19] was used. On the basis of the absorption spectra one should expect overlapping of species spectra and formation of various complex species with halide ligand including complexes with associated nitrate ions. For that reason it is necessary to have a properly assumed chemical model including the number of complexes formed and good estimates of starting values of the parameters in order to achieve proper convergence toward a minimum 4 ] −2 should be independent of the type of halide ligand, since it refers to the halide free melt. Thus, in the calculation of the stability constants for the other two complexes the same value of β 40 can be used both for the chloride and bromide systems. Therefore, as a starting value of β 40 in the calculation of the stability constants of the bromide complexes we used the value obtained from chloride data in our previous work [13] . This value was then refined together with the other two constants. The new β 40 value was then used to recalculate the stability constants of the chloride complexes. Finally, the mean value of β 40 obtained in the refinement procedure of the chloride and bromide system, respectively, has been used in the calculation of the stability constants of [Co(NO 3 ) 2 X 2 ] −2 and [CoX 4 ] −2 . The stability constants of these complexes, calculated at 40 and 70 • C, are given in Table 2 . As seen from , it should be noted that, due to the uncertainties in the stability constants of the mixed complexes and in the values of ε 22 , a meaningful evaluation of the fine details of the spectra is not possible. Hence, no definite conclusions can be drawn on the structure of these mixed complexes.
